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PURPOSE:
To evaluate the effect of a temporal subtraction technique for digital chest radiography with regard to the accuracy of detection of lung nodules.
MATERIALS AND METHODS:
Twenty solitary lung nodules smaller than 30 mm in diameter, including 10 lung cancers and 10 benign nodules, were used. The nodules were grouped subjectively according to their subtlety. For nonnodular cases, 20 nodules without perceptible interval changes were selected. All chest radiographs were obtained by using a computed radiographic system, and temporal subtraction images were produced by using a program developed at the University of Chicago. The effect of the temporal subtraction image was evaluated by using an observer performance study, with use of receiver operating characteristic analysis.
RESULTS:
Observer performance with temporal subtraction images was substantially improved (A z ϭ 0.980 and 0.958), as compared with that without temporal subtraction images (A z ϭ 0.920 and 0.825) for the certified radiologists and radiology residents, respectively. The temporal subtraction technique clearly improved diagnostic accuracy for detecting lung nodules, especially subtle cases.
CONCLUSION:
The temporal subtraction technique is useful for improving detection accuracy for peripheral lung nodules on digital chest radiographs. © 
RSNA, 2002
Chest radiography is currently the most frequently used screening procedure for chest diseases owing to its economical aspects and ease of performance. Small lung nodules are, however, often missed, and radiologists may fail to detect lung nodules in up to 30% of cases with actual positive diagnoses (1) (2) (3) . Although double reading involving a second radiologist and comparison of a current chest radiograph with a previous one can improve detection accuracy for lung nodules, it is unavoidable that radiologists miss a certain percentage of lung nodules. Nodules that are difficult to detect are reported to be small (1, 4) , of low contrast, and overlapping with normal anatomic structures (5) (6) (7) (8) (9) .
The temporal subtraction technique is a method with which a previous chest radiograph is subtracted from a current radiograph so that interval changes are enhanced. The purpose of the temporal subtraction technique in the interpretation of a chest radiograph is to alert the radiologist to the location of newly developed abnormalities and to assist radiologists in their final decision. Although temporal subtraction techniques and their possible advantages have been reported (10 -12) , additional studies seem to be needed to further validate the usefulness of temporal subtraction. The purpose of our study was to evaluate the effect of the temporal subtraction technique for digital chest radiography with regard to the accuracy of detection of lung nodules.
MATERIALS AND METHODS
Digital Radiography and Temporal Subtraction
All chest radiographs were exposed at 100 kV with a 10:1 grid and were obtained by using a computed radiographic (CR) system (FCR; Fuji Photo Film, Tokyo, Japan). The imaging plate (model ST-V; Fuji) was 35 ϫ 43 cm (matrix size, 1,760 ϫ 2,140; 10-bit gray level; pixel size, 200 m). The output image was printed on 23.5 ϫ 23.5-cm film (CR Film; Fuji) (67% reduction) by using a laser printer (model FL-IMD; Fuji). Image reading of the CR data was performed by using an automatic exposure data recognition method. CR images were processed by using a sigmoid long-contrast Hurter and Driffield curve and slight edge enhancement at higher frequencies. The enhancement factor was 0.2, with a frequency range of more than about 0.35 cycle per millimeter. The gradation processing parameters were as follows: rotation amount, 0.9; gradation type, E; rotation center, 1.6; and gradation shifting amount, Ϫ0.2. The unprocessed CR image data of current and previous images were used to provide the subtraction image.
Image data from chest radiographs were transferred to a workstation (O2; Silicon Graphics, Mountain View, Calif). Temporal subtraction images were created by using a temporal subtraction program developed at the University of Chicago. Previous and current images were subsampled to 586 ϫ 586 pixels, and the previous image was shifted and rotated to correct for variations in patient positioning between the previous and current images. After global matching was performed with low-resolution images, a number of template regions of interest (32 ϫ 32 pixels) and the corresponding search area regions of interest (64 ϫ 64 pixels) were selected from the previous and current images, respectively. Local matching of template regions of interest with corresponding regions of interest and shift values ⌬x and ⌬y were determined for all pairs of selected regions of interest by using a cross-correlation technique. The previous image was nonlinearly warped according to local shift vectors for "best matching." For further matching, image warping was repeated. Finally, a temporal subtraction image was obtained by subtracting a second warped previous image from a current image (10 -12) . It took approximately 15 seconds to produce a temporal subtraction image from a pair of current and previous CR images. When multiple previous images were available, the best-matched temporal subtraction images were selected.
Case Selection and Classification
Our institutional review board did not require its approval or informed consent for this study. Consecutive cases with solitary lung nodules up to 30 mm in diameter seen at our institution between January 1997 and February 1998 were selected from a thoracic computed tomography (CT) file. From them we further selected 20 cases in which the diagnosis was proved and current and previous chest radiographs were available (nodule size range, 7-30 mm in diameter; mean, 19.4 mm; median, 20.0 mm). The final diagnosis was primary lung cancer in 10 cases and benign nodules in 10 cases. Pathologic proof was obtained by means of surgical resection or fine-needle biopsy in all primary lung cancers (four adenocarcinomas, four squamous cell carcinomas, and two small cell carcinomas). Benign nodules were diagnosed by means of surgical resection in one case (intrapulmonary lymph node), by means of transbronchial bronchoscopic biopsy in three cases (organizing pneumonia, one case; cryptococcosis, one case; and aspergilloma, one case), and by means of clinical follow-up in six cases with organizing pneumoniae. There were eight women and 12 men, with an age range of 25-81 years (mean age, 62.4 years).
Two certified radiologists (S. Kakeda, K.N.) independently classified the radiographs showing nodules, in accordance with the subtlety of the lung nodule, by using a five-point scale: Subtlety 1 ϭ extremely subtle, subtlety 2 ϭ very subtle, subtlety 3 ϭ subtle, subtlety 4 ϭ relatively obvious, or subtlety 5 ϭ obvious. They reached a consensus regarding the classification of the subtlety of the nodules when their ratings differed. There were six (30%) cases with subtlety 1, six (30%) with subtlety 2, five (25%) with subtlety 3, two (10%) with subtlety 4, and one (5%) with subtlety 5. Twenty additional nonnodular cases without perceptible interval changes were selected on the basis of CT findings. Nonnodular cases included calcifications or strandlike opacities without perceptible interval changes. There were 10 women and 10 men, with an age range of 46 -77 years (mean age, 60.0 years).
The nodules were located in all six parts of the lung fields as follows: four on the right upper lung (one overlapping the clavicle), seven on the right middle lung (four overlapping the hilum), six on the right lower lung (three overlapping the diaphragm), one on the left upper lung, one on the left middle lung, and one on the left lower lung, overlapping the diaphragm. Four cases with strandlike opacities and one with calcifications were included in the nonnodular cases. Calcifications were located on the right upper lung, and strandlike opacities were located as follows: one on the right upper lung, one on the left lower lung, and two on both lungs.
The interval between acquisition of current and previous radiographs was 60 -1,245 days (mean, 515 days) in nodular cases and 120 -665 days (mean, 300 days) in nonnodular cases.
Image Display
For subjective evaluation and the observer performance study, current and previous radiographs were mounted on a conventional view box as radiographs. Next to the view box, the temporal subtraction image was displayed on the 1,200 ϫ 1,600-line, 20-inch-diagonal screen, cathode-ray-tube, or CRT, monitor (model GDM-4011P; Silicon Graphics). The room had uniformly low ambient light conditions. The observers were permitted to manipulate monitor brightness and contrast by using a track ball or push buttons.
Subjective Evaluation of Temporal Subtraction
First, the quality of the temporal subtraction images in the 40 cases was subjectively rated by the two certified radiologists (S. Kakeda, K.N.) by using a fivepoint scale: Quality 1 ϭ very good, quality 2 ϭ good, quality 3 ϭ reasonably good, quality 4 ϭ poor, and quality 5 ϭ very poor, according to the degree of rib shadow disappearance. For each nodule case, the two certified radiologists subjectively evaluated the relative change in confidence in nodule detection between using the radiograph alone and using the radiograph plus temporal subtraction. A five-point rating scale was used: Markedly improved ϭ ϩ2, moderately improved ϭ ϩ1, unchanged ϭ 0, moderately degraded ϭ Ϫ1, and markedly degraded ϭ Ϫ2. For all evaluations the two certified radiologists worked independently, and a final rating score was determined by means of consensus when scores differed. First the current and previous radiographs were presented, then the temporal subtraction image was displayed on a CRT monitor for interpretation and rating.
Observer Performance Study
Next, an observer performance study was performed. Eight radiologists (four certified radiologists and four radiology residents with 2-3 years of training) participated as observers. Before the test, six training cases were shown, and the observers were informed of (a) the fraction (50%) of lung nodule cases included in the study, (b) the role of the temporal subtraction image as a "second opinion," (c) whether an abnormality was present, and (d) the definition of a "solitary" nodule as one 7-30 mm in diameter.
For the 20 nodular and 20 nonnodular cases, a sequential test method was used (13), only one case was shown at a time, and reading time was not limited. A continuous rating scale with a line-marking method was used to record each observer's confidence level regarding the presence of a lung nodule. Current and previous radiographs were shown first for conventional interpretation, and the observer marked his or her confidence level by using a black pencil on a 7-cm line. Current and previous radiographs were evaluated on posteroanterior views. The temporal subtraction image was then displayed on a CRT monitor; the radiologist viewed it, as well as the current and previous images, and marked his or her confidence level by using a red pencil on the same line, if this level was different from the first confidence level.
Data Analysis
For the subjective evaluation part of our study, we evaluated the relationship between the subjective rating score of relative change in confidence and the subtlety of the nodules.
Receiver operating characteristic (ROC) analysis was used for comparison of observer performances in detecting the presence or absence of lung nodules without and with the temporal subtraction images for all 40 cases. Estimates of the area under the ROC curve (A z ) and SDs were computed by using the computer program (LABROC5) provided by Metz et al (14) . The observers were not required to indicate the location of a nodule, which is the standard procedure for ROC analysis. In an observer performance study, the difference among individual observers should be substantial in marking the continuous rating scale. In this sense, it was difficult to categorize the cases marked in the midpoint of the "absence" and "presence" into falsenegative or true-positive findings. Therefore, in this observer performance study, we calculated the difference between the confidence levels without (first rating) and with (second rating) the temporal subtraction images and assumed that a clinically relevant change in confidence levels occurred only when the difference calculated in this way was greater than 20 units on a 0 -100 confidence rating scale. The full length of the 7-cm line in the confidence rating scale corresponded to 100 units. A shift of more than 20 units in the direction of a correct diagnosis implied that use of the temporal subtraction image was beneficial. Similarly, a shift of more than 20 units in the direction of an incorrect diagnosis implied that use of the temporal subtraction image was detrimental. The statistical significance of the difference in A z values without and with the temporal subtraction images was estimated by using the Dorfman-Berbaum-Metz method, in which both interobserver variation and case sample variation are considered. In addition, the difference between the average number of cases affected beneficially and those affected detrimentally by the temporal subtraction images was analyzed by using a two-tailed Student t test.
RESULTS
Subjective Evaluation
All of the quality ratings of the temporal subtraction images were quality 1 (very good) to 3 (reasonably good). Specifically, 15 (38%) of the 40 temporal subtraction images were rated as quality 1; 19 (48%), as quality 2 (good); and six (15%), as quality 3 (reasonably good), whereas none were rated as either quality 4 (poor) or 5 (very poor). With regard to subjective evaluation of the effect of the temporal subtraction images, 10 (50%) of the 20 nodules were markedly improved (ϩ2), seven (35%) were moderately improved (ϩ1), and three (15%) were unchanged (ϩ0). Confidence in the existence of the nodules was increased, since all nodules were clearly enhanced on the temporal subtraction images. Artifacts indistinguishable from the nodules, which might have increased false-positive findings, were not observed. Figure 1 shows the relationship between the subtlety of the nodules and the subjective rating. Six (60%) of the 10 nodules rated as markedly improved (ϩ2) were of subtlety 1 (extremely subtle), and two (20%) were of subtlety 2 (very subtle), and two (20%) were of subtlety 3 (subtle). Four (57%) of the seven nodules rated as moderately improved (ϩ1) were of subtlety 2 (very subtle), and three (43%) were of subtlety 3 (subtle). Six (60%) of the 10 nodules rated as markedly improved (ϩ2) overlapped the diaphragm, hilum, or clavicle (Fig 2) . The nodules rated as unchanged (ϩ0) tended to be slightly larger (mean diameter, 23.0 mm) than those rated as moderately (ϩ1) (20.1 mm) or markedly (ϩ2) improved (19.3 mm).
Observer Performance Study
Average ROC curves demonstrated a significant improvement in the accuracy of nodule detection with the temporal subtraction images (Fig 3) . A z values for all eight observers are shown in the Table. The average A z value increased significantly from 0.873 without the temporal subtraction image to 0.969 with the image (P ϭ .027). Individually, the use of temporal subtraction images was beneficial to seven (88%) of the eight observers.
The average A z improvement with use of the temporal subtraction images was greater for the subgroup of radiology residents than for the certified radiologists (from 0.825 to 0.958 vs from 0.920 to 0.980). The average A z value for the radiology residents with use of the temporal subtraction images was greater than that for the certified radiologists without use of the temporal subtraction images (0.958 vs 0.920).
The results of a clinically relevant change in confidence level are shown in Figures 4 and 5 P Ͻ .001). Two nodules affected detrimentally were missed by the radiology residents on both chest radiographs and temporal subtraction images, although these nodules were clearly visible on the temporal subtraction images. This occurred because of inexperience and carelessness. Among the 20 nonnodular cases, the average number of cases affected beneficially was significantly larger than that affected detrimentally (mean number of cases, 4.88 [24%] vs 0.88 [4%]; P ϭ .015). All detrimental effects were caused by misregistration artifacts. Figure 6 shows the relationship between the subtlety of the nodules and the average number of clinically relevant changes in confidence level. The temporal subtraction images clearly improved the diagnostic accuracy of lung nodule detection, especially of subtle cases (Fig  7) . The average number of cases affected beneficially by the temporal subtraction images was 3.4 (56%) of six cases with subtlety 1 (extremely subtle), 2.4 (40%) of six with subtlety 2 (very subtle), and 0.9 (18%) of five with subtlety 3 (subtle); none had subtlety 4 (relatively obvious) or 5 (obvious). The average number of cases affected detrimentally was 0.25 (4%) of six with subtlety 1.
DISCUSSION
Difazio et al (11) reported that the temporal subtraction technique can significantly improve diagnostic accuracy for newly developed lung abnormalities larger than 10 mm in diameter on chest radiographs. The results of the current observer study also indicated that reading chest radiographs with temporal subtraction images significantly increased A z values in diagnosing subtle lung nodules. In the current study, nodule cases were selected on the basis that the nodules were smaller than 30 mm in diameter, which means that most of these were visually subtle. The criterion of selection of nodules smaller than 30 mm in diameter was chosen because nodules likely to be missed in clinical settings were the subjects of this study. If the obvious nodules that could have easily been detected with chest radiographs had been included in this study, the improvement in diagnostic accuracy with the temporal subtraction images would have been less than the results described in this study. In this observer performance study, we analyzed the effect of the temporal subtraction images separately in nodular and nonnodular cases. In nodular cases, use of temporal subtraction images was substantially beneficial, which indicates that the images can help prevent observers from missing lung nodules. It is important to note that the cases with true-positive detections on chest radiographs were not affected detrimentally by the temporal subtraction images.
Our observer test indicated that the use of temporal subtraction images was also clearly beneficial, even in nonnodular cases. One reason for this result seems to be that observers were not detrimentally influenced by some of the misregistration artifacts on the temporal subtraction images. It is not difficult for observers to distinguish between misregistration artifacts and lung nodules by inspecting original chest radiographs. This also seems to indicate that observers can use temporal subtraction images effectively as a second opinion. For only one observer, temporal subtraction images did not improve diagnostic accuracy because of an increase in false-positive detection. This observer was not able to distinguish between lung nodules and minor artifacts related to misregistration artifacts on the temporal subtraction images, probably because of insufficient training on temporal subtraction images. It seems necessary for observers to be familiar with typical patterns of artifacts in order to reduce such interpretation errors.
Malpractice litigation involving radiologists occurs more frequently as a result of missed diagnoses of lesions than as a result of any other type of radiologic work. In particular, lung cancer lesions have been reported as the most frequently missed lesions leading to such litigation (15) (16) (17) (18) . Therefore, in clinical settings, radiologists may hesitate in diagnosing normal cases with confidence. In our study, 24% of nonnodular cases were affected beneficially by use of the temporal subtraction images. This finding was due to the increase in the observers' confidence in diagnosing absence of nodules in nonnodular cases with use of the temporal subtraction images; it means a decrease in false-positive findings with use of chest radiographs alone.
We separately analyzed A z values obtained from the certified radiologists and radiology residents to determine whether the effect of the temporal subtraction images on an observer's performance was dependent on clinical experience. The results indicated that use of the temporal subtraction images was more beneficial for the radiology residents than for the certified radiologists; the A z value for the radiology residents using temporal subtraction images was almost equal to that for the certified radiologists. In addition, it is important to note that the effect of using the temporal subtraction images for the certified radiologists also was beneficial.
Misregistration artifacts are caused by mismatching normal anatomic structures in current and previous images and are due mostly to the ribs, diaphragm, clavicle, and blood vessels. Ishida et al (19) reported that misregistration artifacts on temporal subtraction images obtained at screening examinations were markedly reduced with use of an improved temporal subtraction scheme based on a shift-vector analysis and an iterative image warping technique. In our study, by using the same scheme, we evaluated chest radiographs obtained from daily clinical practice. Results of the subjective evaluation regarding the quality of the temporal subtraction images showed that they were all of very good to reasonably good quality, although the average interval between current and previous radiograph acquisition was 308 days. Although temporal subtraction images with moderate misregistration artifacts need to be improved, 85% of the temporal subtraction images are very goodor good-quality images that would be adequate for clinical use. Most of the misregistration artifacts observed in the current study were caused by normal anatomic structures. We used the best-matched temporal subtraction images. Although this may have reduced the proportion of cases with misregistration artifacts, we believe that it did not affect the results of the study. In clinical settings, it is possible to choose the best match from multiple previous images in cases with more than one previous radiograph. However, at the time this article was written, to our knowledge, a best-match selection process could not be automated. The temporal subtraction system has been installed in our department, and its daily routine use is being tested in practical diagnostic procedures. Currently, temporal subtraction images can be produced in approximately 15 seconds. This time will be shortened with the anticipated progress of computer technology. In clinical settings, it is important for radiologists to use temporal subtraction images effectively as a second opinion. We believe radiologists will be able to easily achieve this skill by gaining experience in reading temporal subtraction images.
Our study had several limitations. It is likely that lateral chest radiographs would have been helpful for detecting nodules. To our knowledge, however, temporal subtraction images of lateral views cannot be produced at this time. We used only posteroanterior views to make comparisons simple; also, some cases lacked lateral chest radiographs. This may not reflect the clinical reality for the usefulness of temporal subtraction. "Satisfaction of search" has been suggested as a possible source of error in reading radiographs with multiple abnormalities: It has been used to refer to a phenomenon in which detection of one abnormality interferes with detection of other abnormalities on the same radiograph (20 -23) . Before our observer test, the radiologists were informed that objects of detection were solitary nodules 7-30 mm in diameter and that reading time was not limited. Therefore, the radiologists' attention was focused specifically on the task of detecting solitary lung nodules. This may have caused the underestimation of the false-positive rate in the current study.
